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Non-technical Summary
This paper provides an introductory analysis of price formation and volatility in the European Union Emissions Trading Scheme (EU ETS) using high frequency data. The results show that the activity in the on-exchange market for European Union Allowances (EUAs) allocated to the first commitment period (2005 -2007) was highest in 2006, the year in which information about possible over-allocation was released for the first time. In 2007, trading activity plunged. In contrast, trading in EUAs allocated to the second commitment period (2008 -2012) has increased since the official start of the EU ETS in 2005. Moreover, the results show that the price discreteness in the EUA spot market (BlueNext) seems to be strongly affected by the price discreteness of the EUAs futures market (ICE Futures), supporting the strong relation between these markets; which appears to be even stronger than reported in the recent literature.
However, there is still the puzzling fact that price movements of five euro cents are in both markets more frequent than price movements of three or four euro cents.
The analysis of the intraday volatility shows that activity in the EUA markets is not constant throughout the trading day. Intraday volatility rises from low levels to a high around 11:00 GMT. The typical U-shaped pattern of intraday volatility often observed in organized financial markets is partly present in the EUA futures in 2008. Similar to other classical financial markets, the realized volatility estimates of daily EUA volatility appear to have a long-memory property. The logarithmic realized standard deviation of EUA returns exhibits a more persistent dynamic dependence structure than realized volatility, realized standard deviation, or daily squared/absolute EUAs returns. The often observed normality of logarithmic realized standard deviation, however, can not be confirmed.
Das Wichtigste in Kürze
Diese Arbeit stellt eine einführende Untersuchung sowohl der Preisbildung als auch der Normalität der logarithmierten realisierten Volatilität kann jedoch nicht bestätigt werden.
Introduction
The European Union Emissions Trading Scheme (EU ETS), which formally entered into operation in January 2005, requires selected industrial units to participate in the trading of European Union Allowances (EUAs). Currently, the EU ETS is the largest multi-country and multi-sector emission trading scheme in the world. It includes combustion plants, oil refineries, coke ovens, iron and steel plants, as well as facilities producing cement, glass, lime, brick, ceramics, or pulp and paper. Thus, the trading scheme covers emissions from four broad sectors: production and processing of iron and steel, minerals, energy, and pulp and paper. 1 The EU ETS is a cornerstone of the European Climate Change Programme to reduce greenhouse gas emissions from the combustion of fossil fuels. It aims at assisting EU Member States in meeting their commitments under the Kyoto Protocol at minimum costs, and has been called the "New Grand Policy Experiment" of market-based policies in environmental regulation. Many studies of the EU ETS focus on the design of national allocation plans (Boehringer et al., 2005) , the allocation procedure of emission allowances (see Cramton and Kerr, 2002 , for a general overview), the externalities on employment (Klepper and Peterson, 2004) , or aspects of competitiveness (see Oberndorfer and Rennings, 2006, for a survey). However, only few empirical studies focus on the price, risk, liquidity, or the trading process of EUAs. Among these few studies are, for example, Trück (2006a, 2006b) , Wagner (2006a, 2006b) , Borak et al. (2006) , Daskalakis et al. (2006) , Daskalakis and Markellos (2007) , or Paolella and 1 European Parliament and Council (2003) . 2 Kruger, J.A., Pizer, W.A. (2004) . 3 One European Union emission allowance gives the holder the right to emit one tonne of carbon dioxide equivalent (tCO2e) during a specified commitment phase, see European Parliament and Council (2003) . 4 PointCarbon (a newswire focusing on emissions markets) cited officials from the Netherlands, and the Czech Republic, who reported lower then expected emission for 2005, see PointCarbon (2006a PointCarbon ( , 2006b However, a forecasting evaluation of the proposed models shows mixed results.
Another empirical study, with a slightly different focus on EUA prices, is provided by Borak et al. (2006) . This study concentrates on the price behavior, the volatility term structure, and the correlations across different EUA contracts. In particular, the authors study the relationship between spot and futures markets, the changing market dynamics, and the volatility term structure of EUA spot and futures prices. In contrast to Borak et al. (2006) , who analyze daily EUA price data from a single exchange, Daskalakis et al. (2006) examine daily EUA prices from four European exchanges that offer spot and futures trading in emission allowances. The main aim of their study is to model the EUA price dynamics by means of stochastic processes. The analysis concentrates on the relationship between EUA spot and futures prices with maturities that fall into the second commitment period. Their findings suggest that the EUA prices are non-stationary and exhibit abrupt discontinuous shifts. Furthermore, a jump-diffusion process is found to be the most adequate process for modeling the EUA spot price dynamics. However, the authors find no significant geographical differences between daily EUA prices; daily EUA prices are very similar on all four exchanges. An analysis of the correlation between EUA returns and interest rates, major stock-market index returns, and electricity price changes shows that all correlation coefficients are negative but insignificant. Surprisingly, the authors do not find a significant correlation between EUA and electricity price changes. Considering other studies and surveys (Sijm et al. 2006; Moslener 2007; ) and the fact that EUAs are a substantial cost factor for most electricity producers, it is unlikely that EUA prices are uncorrelated with electricity or energy prices, in particular with the fuel spread.
Overall, the analysis by Daskalakis et al. (2006) suggests that the cost-of-carry approach provides an adequate model for futures prices of emission allowances in the first trading period.
Extensive studies both on EUA prices and on EUA derivatives are provided by UhrigHomburg and Wagner (2006a, 2006b ) and Seifert et al. (2006) . Wagner (2006a, 2006b) (2006) present an optimal CO 2 abatement strategy of a representative agent within a setup that incorporates the main features of the EU ETS. By using stochastic optimal control theory, the authors derive important characteristics of the EUA spot price process. According to their model, the EUA spot price process should not possess seasonal components and should always be positive with an upper limit that is equal to the discounted penalty costs. Furthermore, the discounted spot price should be a martingale. On the other hand, the volatility of EUAs should increase when approaching the end of the trading period and should reach zero when spot prices are close to EUA price limits.
An econometric analysis of emission allowance prices is provided by Paolella and Taschini (2006) , who focus on the distribution and the return dynamics of emission allowances. Using daily price data of more than six years from the American SO 2 emission allowances market and daily price data from the Powernext EUA spot market, the study shows that emission allowance returns have a highly non-Gaussian distribution, as has also been pointed out by Daskalakis et al. (2006) and Benz and Trück (2006b) . While These results deserve a closer analysis since data snooping bias may be substantial. 5 On the other hand, it is not surprising to find violations of the efficient market hypothesis on emerging financial markets like the market for EUAs.
A recent study by Benz and Hengelbrock (2008) focuses on the price discovery and liquidity in the EUA futures market. The results show that ICE Futures/ECX, the exchange with the most liquid trading, leads the on-exchange price discovery process among considered futures markets. Their paper was the first one to use high-frequency data. This work can be considered as an amendment to it.
Data
Trading in EUA takes place both on organized exchanges and over-the-counter (OTC).
The most active trading takes place OTC, with a share of 70 percent of the total daily turnover according to PointCarbon (2008 This is done primarily to correct for outliers. These restrictions reduce the sample to 159,475 observations. Table 1 reports descriptive statistics on price formation of EUAs that were allocated to the first commitment period. Please note that the trading periods are slightly longer than the commitment periods themselves, since the deadline for submitting EUAs for the preceding years' emissions is always on April 30 of the following year.
Intraday Price Formation of EUAs

Price Formation of EUAs Allocated to the First Commitment Period
The average price on both EUA spot and futures markets moved around 23 euros in the first trading year. In the following years, the average price collapsed as a consequence of the over-allocation of allowances. Most notably, it dropped to three euro cents at the end of the trading phase. The highest activity in the market can be observed for 2006
when an average of 12.52 transactions took place per day on the spot market, and 47.48
transactions on the futures market. By 2007, the average number of daily trades had dropped to 6.38 in the spot market and to 22.67 in the futures market. Table 1 also indicates that the futures market is the more active of the two markets. In 2006, the total transaction volume was 1.93 billion euros on the futures market, but only 469 million euros on the spot market.
[insert Table 1 dropped to a value of less than two euro cents (see Table 1 ) and prices remained on a low level throughout the year. Therefore, it is very unlikely to see price changes that are positive or negative multiples of five euro cents for 2007.
[insert Figure Comparable to the first commitment period, the EUA futures market in the second commitment period is again by far more liquid than the EUA spot market. We will restrict ourselves to commenting only on the EUA futures market due to space [insert Table 2 about here] are anomalies that are not easy to explain. As mentioned above, it appears that the inherent connection between considered EUA spot and EUA futures markets and temporary different price discreteness in both markets are responsible for the spikes. In particular, the price discreteness in the EUA futures market appears to influence the price discreteness in the EUA spot market. The connection between both markets seems to be present even nowadays, since the multiples of five euro cents are still present in the EUA futures (see the price distribution for 2008) and even in the EUA spot market in 2008 (see Figure 7 in the appendix). A supportive argument for the spikes in the EUA futures market would be that there are still many market participants who quote their orders according to the former minimum price change scheme of five euro cents. This might be due to several reasons, e.g. a preference for round numbers, convenience, or even coordination on coarse price sets as suggested by Harris (1991) . Another reason could be that competition among market participants is not strong enough, neither in the EUA futures nor in the EUA spot market -almost one year after the reduction of the minimum price change to one euro cent.
Price Formation of EUAs Allocated to the Second Commitment Period
Volatility of EUA Returns
The volatility of EUAs has already attracted some interest in the literature and has been modelled by ARCH models; see for instance Benz and Trück (2006b) The analysis of EUA volatility is performed by means of log-returns, or returns as called in the following. The returns are defined as the first difference of the logarithms of two prices that are separated by a five-minute interval. The construction of equidistant prices largely follows Andersen and Bollerslev (1997) . Most notably, the analysis uses transaction prices instead of mid-quotes and equidistant intervals of 5 minutes. The equidistant price is calculated for each 5-minute interval during the trading session as the mean of the preceding and immediately following prices. The distance of the transaction prices from the equidistant point in time is not applied in the calculation.
Intraday Volatility of EUA Returns
In classically organized financial markets, for example in well-established equity markets, intraday volatility is relatively high at the market opening and market closing, and low around midday. It follows a so-called "U-shaped" pattern. This characteristic of organized financial markets is well-known and has been documented for instance in Harris (1986) . The intraday volatility of EUAs evolves quite differently throughout the trading day. However, one has recently been able to discern a rudimental U-shaped pattern in the shape of the intraday volatility.
The average absolute EUA log-returns over five-minute intervals in the EUA spot and futures market, that are used to approximate intraday volatility, are illustrated in Figure   4 . Said figure indicates that intraday volatility of EUAs varies substantially throughout the day both in the spot and futures market. This result is confirmed by the Bartlett test, which tests the hypothesis that the volatilities of different time intervals within the trading day are equal. 8 The hypothesis is rejected at any conventional significance levels for all considered markets. 
k is the total number of intervals during the day. Each k with 1, 2, 3, , j  has j n observations. N is the total number of observations. Under the null hypothesis, the M statistic follows a chi-square distribution with 1 k  degrees of freedom. The pattern of EUA intraday volatility is quite different from that of classically organized financial markets. In general, the EUA intraday volatility starts at relatively low levels. It then rises to a peak within first trading hours before dropping to a fairly low level again. Similarly to classical financial markets, the volatility level rises slightly before the end of the trading session. Pronounced changes also occur in the pattern observed. When considering only transactions in the EUA futures market in 2008, there is rudimental evidence for a U-shaped pattern, especially at the beginning of the trading session (see Figure 8 in the appendix). However, there is still no pronounced increase of volatility at the end of a trading day.
[insert Figure 4 about here] According to these simple graphical tools, information processing within a trading day in the EU ETS has changed since the very beginning of 2005. It is reasonable to conclude that at that time, little new information occurred between two consecutive trading days, since EUA intraday volatility used to be relatively low at market opening.
However, it seems that now new information does indeed occur between two consecutive trading days. Market participants take this into account by adjusting their positions immediately after market opening. For this reason, the whole EUA intraday volatility pattern seems to converge to a U-shape pattern, despite the divergence at market closure. Given these results, the intraday trading of EUAs does not yet function as expected, as is e.g. the case for organized equity markets.
Daily Volatility of EUA Returns
The simplest method for estimating the volatility of returns is to use squared or absolute returns. For instance, the ex-post volatility of a given day is simply measured by its squared or absolute return. A more sophisticated method involves computing realized volatility, as recently proposed by Andersen et al. (2003) or Barndorff-Nielsen and Shephard (2002) . Realized volatility over a trading day is defined as the sum of highfrequency intraday squared returns, e.g. five-minute returns:
(1) The calculation and comparison of volatility estimates is based on data from the EUA futures market that refer to the December 2008 futures contract. Estimates of volatility of EUAs that were allocated to the first commitment period will not be considered because this market collapsed. As a result, volatility estimates calculated with price data from this market are blurred, most notably because of the low prices at the end of the sample period.
[insert Table 3 about here]
The following results are presented for daily volatility estimates, and concentrate on five estimates: squared daily returns, daily realized volatility, absolute daily returns, daily realized standard deviation, and logarithmic realized standard deviation. The estimates are calculated either with five-minute or with daily returns. Since there are 10 trading hours per trading day (6.00 -16.00 GMT) in the considered EUA futures market, realized-volatility estimates are calculated using 120 equidistant observations per day. In total there are 647 trading days in our sample.
Descriptive statistics of the volatility estimates are summarized in Table 3 . Four volatility estimates are leptokurtic and skewed to the right. The fact that the distribution of volatility estimates are skewed to the right is not surprising, since all volatility estimates have a lower boundary at zero, apart from the logarithmic realized standard deviation. The unconditional distribution of logarithmic realized standard deviation appears to be largely Gaussian. The most remarkable summary statistics are the maximum values. The maxima of squared daily returns and of realized volatility are approximately 90 times their mean, and the maxima of absolute returns and realized standard deviation reach values of around 15 times their mean. Despite that the data was corrected for outliers and given that the calculation of equidistant prices already eliminates many extreme values, several extreme prices remain. These results already suggest that EUA volatility exhibits erratic movements.
The time-series estimates of the four volatility estimators are displayed in Figure 5 (the visualization of logarithmic realized standard deviation has been omitted to save space).
In the sub-figures we do not display values above 0.025 (for squared returns) and 0.01 (for realized volatility) and 0.5 (for absolute returns and realized standard deviation) in order to provide a closer look at the dynamics of volatility. All four graphs show that EUA volatility exhibits extreme values for several days, independent of the specific volatility measure. Furthermore, the realized volatility estimates often have more extreme values than squared or absolute daily EUA returns. This indicates a substantial intra-day variability of futures prices. Another peculiarity of volatility is also observable, namely the volatility clusters. As in other financial markets, the EUA volatility gradually increases or decreases for several periods.
[insert Figure 5 about here]
Dynamic Dependence of Daily Volatility of EUA Returns
The empirical autocorrelation function (ACF), the simplest measure of autocorrelation of daily volatility of EUA returns, is visualized in Figure 6 . Further dependence statistics are summarized in Table 4 . The ACF shows that there is virtually no autocorrelation in squared returns (top right figure) . Only one coefficient (lag 13) is significantly different from zero at the 5 percent significance level. At this significance, it is reasonable to expect that under the null hypothesis one out of twenty coefficients exceeds the critical values. For the realized volatility (top right figure) there are five coefficients (lag 1, 2, 11, 12, 13) that are significantly different from zero at the 5 percent significance level. For absolute daily EUA returns, realized standard deviation, as well as for logarithmic realized standard deviation (solid line in the bottom right figure) , most of the coefficients up to lag 20 are significantly different from zero.
[insert Figure 6 about here]
The calculation of the ACF for several sub-samples, in particular for several calendar years, reveals that the autocorrelation is not stable. 10 However, in most cases, the overall picture remains. For example, in 2007, the ACFs of realized volatility measures have significant coefficients at the 5 percent level up to lag 15. In addition, they exhibit slow decay. The significance of the first-order autocorrelation coefficient in daily squared and absolute returns is more present in the sub-samples than in the full sample. However, there is no evidence for a pronounced slow decay of their ACFs in any subsample. Furthermore, the structure of the ACF of squared and absolute daily returns does not change when we use daily average prices to construct daily squared or absolute EUA returns. In contrast to realized volatility or realized standard deviation, logarithmic realized standard deviation exhibits a more persistent dynamic dependence structure. All autocorrelation coefficients up to and including lag 20 are significantly different from zero at the 5 percent significance level. Their numerical values are, in most cases, larger than those of daily squared or absolute returns.
These results partly suggest a long-memory property of EUA volatility, which is also supported by the dynamic volatility dependence measures shown in Table 4 . In particular, the Geweke-Porter-Hudak estimator d shows a fractional integration of EUA volatility for most considered volatility measures. The estimated fractional integration parameter for all considered measures is positive and equals to values that range from 0.21 to 0.39. The three estimates derived from realized volatility measures are clearly significantly different from zero. Three out of five measures show a value between 0.30 and 0.40 -the degree of fractional integration that is often estimated for dynamic volatility dependence in classical financial markets. The Augmented DickeyFuller test suggests a stationary EUA volatility process, since the hypothesis of a unit root is rejected at conventional significance levels for all volatility estimates. Finally, the Ljung-Box portmanteau test statistic shows that the hypothesis of no autocorrelation up to and including lag 20 is rejected for all considered volatility estimates.
In contrast to the literature on the volatility estimation of returns, normality tests reject the hypothesis of a normal distribution for the EUA logarithmic realized standard deviation. Detailed results are displayed in Table 5 .
[insert Table 4 about here]
In summary, the majority of the dependence measures point to a long-memory property of realized volatility measures and daily squared/absolute EUA returns. This is consistent with the literature on volatility estimation, even though the long-memory property is not supported by the ACF of daily squared EUA returns. Given these results, it is reasonable to conclude that the dynamics of volatility of daily EUA returns can be appropriately captured by fractional long-memory processes. However, according to the dynamics in Figure 5 , EUA volatility may possess jumps, as suggested by Daskalakis et al. (2006) . Finally, in most studies, logarithmic realized standard deviation is found to be normally distributed, which is not the case for our data.
[insert Table 5 about here]
Conclusions
This paper investigates price dynamics and volatility in the European Union Emissions Trading Scheme (EU ETS) using high frequency data. The results show that the activity in the on-exchange market for EUAs allocated to the first commitment period ( Moreover, the results show that the price discreteness in the EUA spot market (BlueNext) seems to be strongly affected by the price discreteness of the EUAs futures market (ICE Futures), supporting the strong relation between these markets; which appears to be even stronger than reported in the recent literature. Currently, the price discreteness schemes are identical in the spot and futures markets. ICE Futures lowered the minimum tick size of EUAs futures from 5 euro cents to 1 euro cent in March 2007. However, we are still confronted with the puzzling fact that in this market, price movements of 5 euro cents are more frequent than price movements of 3 or 4 euro cents.
The analysis of the intraday volatility shows that activity in the EUA markets is not constant throughout the trading day. Intraday volatility rises from low levels to high levels around 11:00 GMT. The typical U-shaped pattern of intraday volatility often observed in organized financial markets is partly present in the EUA futures market in 2008. Similar to other classical financial markets, the realized volatility estimates of daily EUA volatility appear to have a long-memory property. The logarithmic realized standard deviation of EUA returns exhibits a more persistent dynamic dependence structure than realized volatility, realized standard deviation, or daily squared/absolute EUAs returns. The often observed normality of logarithmic realized standard deviation, however, can not be confirmed.
Several open questions remain for further research. First of all, the strong relation between the EUA spot und EUA futures markets deserves a thorough analysis, since the dependence might be even stronger than previously reported. Furthermore, market efficiency must be analyzed with high-frequency data and the use of more sophisticated methods, since eyeball econometrics does not suffice to make firm statements about the functioning of the EU ETS at the micro level. Finally, the apparent long-memory property of EUA volatility deserves a modeling via fractional long-memory processes. 
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